Abstract-Resonant converters used as coil drivers in inductive links generally operate efficiently at optimum switching conditions for constant load values and ranges. Changes in load and range can shift the operation of the coil driver to a nonoptimum switching state which results in higher switching losses and reduced output power levels. This paper presents a method to adapt to variations in range for a Class E inverter used as a coil driver in a wireless power transfer (WPT) system based on inductive coupling. It is shown that by controlling the duty cycle of the inverter's switch and the value of its dc-feed inductance, the Class E inverter can be tuned to operate at optimum switching conditions as the distance between the coils of the WPT system changes. Mathematical analysis is presented based on a linear piecewise state-space representation of the inverter and the inductive link. Extensive experimental results are presented to verify the performed analysis and validity of the proposed tuning procedure.
Wireless Power Transfer Using Class E Inverter
With Saturable DC-Feed Inductor
I. INTRODUCTION
T HE WEAK coupling of the coils in an inductive link requires a strong magnetic field to be created to deliver high power levels at large ranges. To achieve this, it requires the use of coil drivers that can generate large currents at frequencies often in the kilohertz and megahertz ranges. The Class E inverter is a suitable type of dc/ac inverters to meet such a requirement. Invented by the Sokals [1] in 1975, it has been studied extensively, and its analysis is well documented in literature [2] - [10] . The Class E inverter is simple to construct and consists of a single switching element and has a large power handling capability compared to other inverters. It can achieve a theoretical 100% power efficiency by zerovoltage switching (ZVS) and zero-voltage derivative switching (ZVDS). It is considered as a resonant converter and operates at optimum switching conditions for a fixed value of load and switching frequency. Due to this operating constraint, the use of the Class E inverter as the coil driver in an inductive link means that the wireless power transfer (WPT) system can only operate efficiently for fixed values of load, range, and resonant frequency. As a result, novel WPT applications where mobility and dynamic range are required cannot benefit from the features of the Class E inverter.
The effect of displacement and misalignment of the coils in a WPT system on the performance of Class E inverters are investigated in [11] , [12] . It is shown that the displacement of the coils from their optimum position shifts the operation of the Class E inverter to a nonoptimum switching condition. As a result, the overall efficiency of the WPT system is degraded and the power delivered to the load is reduced. In addition, large voltages and current spikes can develop in the Class E inverter and may result in permanent damage to the inverter's switching element. Therefore, the Class E inverter will have to be tuned to operate at optimum switching conditions as the displacements in the coils occur. A tuning method has been presented in [12] to allow the Class E inverter to operate optimally by replacing a capacitor and adjusting the switching frequency. This tuning method may not be a practical solution since the inverter has to be powered off before physical replacements and adjustments can be then performed. In [13] , adaptive frequency tuning is used at the primary coil driver and an adaptive impedance matching circuit is included at the secondary coil side. The received power is regulated as the range of the coils changes. Although this solution allows for maximum power efficiency to be achieved over a certain coil separation range, it requires complex circuitry and powerful signal processing microcontrollers and does not necessary allow the coil driver to operate at its optimum conditions. In this paper, we extend on our previous work presented in [11] in order to achieve optimum switching conditions of the coil driver by using duty cycle control and saturable reactors. This paper is organized as follows. Section II provides a brief review on the operation of inductive links. Section III analyzes the Class E inverter including the inductive link using a piecewise linear state-space representation. Section IV presents the tuning method of the Class E inverter and discusses how the values of the duty cycle of the switching signal and dcfeed inductance are calculated to achieve optimum switching conditions. Section V presents extensive experimental results to verify the analysis of the Class E inverter and to confirm the successful operation of the tuning method. Finally, Section VII includes the conclusion and future work. 
II. RESONANT INDUCTIVE LINKS REVIEW
This section provides a brief review of inductive links, further details can be found in [12] , [14] - [23] . An inductive link consists of a primary coil driven by a power current signal at a certain frequency and a secondary coil tuned to that frequency. The secondary coil, to which the load is connected to, can be tuned by using an external capacitor. The secondary coil can also be designed with a self-resonant frequency that is equal to the frequency of the power current signal of the primary coil. Both coils are separated by a certain distance, may or may not be aligned with each other, and may be designed with different dimensions. A dimensionless parameter, referred to as the coupling coefficient k, is often used in inductive links to describe the amount of magnetic flux linkage between the two coils as follows:
where L P and L S are the self-inductances of the primary and secondary coils, respectively, and M is the mutual inductance of the two coils. Fig. 1 shows the equivalent circuit of an inductive link. Capacitor C S is connected in parallel with the secondary coil to create resonance. Resistances r P and r S are the equivalent series resistances (ESR) of the primary and secondary coils, respectively. The resonant frequency of the secondary coil can be calculated and is given by [14] f = 1 2π
III. ANALYSIS
The circuit of the Class E inverter along with an inductive link and their equivalent circuit are shown in Fig. 2 . The MOSFET drain channel is represented by resistances ON and OFF for the ON and OFF intervals, respectively. The equivalent circuit is a piecewise linear system an can be described by the following general state-space representation for each ON and OFF intervals:Ẋ
where
T is the state vector. The state variables x 1 , x 2 , x 3 represent the voltage across the shunt capacitor C 1 , the voltage across the series capacitor C 2 , and the voltage across the parallel capacitor C S for both ON and OFF intervals, respectively. The states x 4 , x 5 , x 6 represent the current of the dc-feed inductance L f , the current of the primary coil L p and the current of the secondary coil L s for both ON and OFF intervals, respectively. Resistance r f represents the ESR of the dc-feed inductor. The input vector u is equal to the unit step function. The ON interval's domain is defined as 0 ≤ ωt ≤ 2πD, whereas the domain for the OFF interval is defined as 0 ≤ ωt ≤ 2π(1 − D). Using KVL and KCL, the following equations can be obtained:
Using (9) and (10), the derivative statesẋ 5 andẋ 6 can be written aṡ
Based on (4)- (7) and (11) and (12), the matrices A, B, C, and D for both ON and OFF intervals are given in (13) and (14) , shown at the bottom of the next page. The solution to (3) for the ON and OFF intervals can be written in the form
where x ON (0) and x OFF (0) are the initial conditions for the ON and OFF states, respectively, and I is a 6 × 6 identity matrix. The initial conditions are determined by applying the continuity conditions of the voltages across C 1 , C 2 , and C S and the currents of L f , L p , and L s when the circuit transitions from the ON state to the OFF state; hence, the following equations are obtained:
By evaluating the above equations, the initial conditions are equal to the following: For optimal switching conditions, i.e., ZVS and ZVDS, the following states should be equal to the following:
The average dc current I to the inverter is equal to the average value of the dc-feed inductor's current
IV. OPTIMIZATION AND TUNING
The variation of the coupling coefficient between the primary and the secondary coils of the inductive link, due to a change of the distance between the coils, will alter the operation of the Class E inverter from its optimal switching conditions. It is therefore necessary to recalculate the values of its components as the coupling coefficient changes to ensure optimum switching operation.
Due to practical considerations, it is not desirable to replace the components of the Class E inverter for every change that occurs in the coupling coefficient. Achieving the two optimum switching conditions, ZVS and ZVDS, implies that at least two operating parameters and/or component values should be controlled. The simplest parameters that can be controlled are the duty cycle of the MOSFET gate switching signal and its frequency. However, controlling the frequency may not be a viable solution since that might reduce the power transfer efficiency of the inductive link. As a result, the value of either L f , C 1 or C 2 should be controlled in addition to the duty cycle of the MOSFET gate drive signal. We choose to control the value of L f since it is practically possible to implement by using magnetic amplifiers or saturable reactors. Using (19) - (21), the values of the duty cycle and L f can be numerically solved. Fig. 3 shows solutions of the duty cycle and L f as the coupling coefficient varies from 0.2 to 0.45 for a WPT system. The complete specifications of the WPT system, including the Class E inverter and the inductive link, are summarized in Table I . 
V. HARDWARE SETUP
To verify the performed analysis and the proposed tuning method, a WPT system consisting of a Class E inverter and an inductive link is implemented as shown in Fig. 4 . The complete specifications are summarized in Table I . A function generator is connected to the MOSFET driver to vary the duty cycle of the MOSFET's switching signal. The control of the dcfeed inductance is achieved by using a saturable reactor. The saturable reactor consists of two windings, a primary winding which represents the dc-feed inductance to be controlled and a control winding which is connected to a variable dc current source. Both windings are wound on a 3C90 ferrite core from Ferroxcube. Ferrite cores generally have lower eddy current and hysteresis than other magnetic cores, such as iron powder. By varying the dc current source, the amount of magnetic flux that is injected into the magnetic core via the control windings is altered, which in turn alters the inductance of the primary windings that represent the dc-feed inductor. Detailed description about the operation of saturable reactors and their applications can be found in [24] . The dc-feed inductance is at a maximum when the control dc current is zero and decreases as the control dc current is increased. Two saturable reactors are used with their primary windings connected in phase and their control windings connected in antiphase manner to cancel the induced voltage in the control windings.
The ESR of the saturable dc-feed inductors is not constant but varies according to frequency, temperature, the dc bias operating point, and the intensity of the ac flux due to the current in the primary windings. The total losses in an inductor increase as it saturates since its inductance is lower and its current increases. This leads to higher ohmic losses in the windings and higher hysteresis losses in the core. However, a constant ESR value had been assumed to simplify the analysis and to obtain the solutions of the duty cycle and the dc-feed inductance in Fig. 3 . An ESR value of 0.3 Ω was obtained during initial measurements. In this setup, the temperature of the inductors is monitored to provide an indication of how significant the losses of the saturable dc-feed inductors are. The primary coil of the inductive link consists of two layers each having four turns of 18 AWG magnetic wire and a radius of 8 cm. The secondary coil consists of a single layer of four turns of 20 AWG magnet wire with a radius of 7 cm. The mutual inductance was measured using the PSM1700 PsimetriQ phase sensitive multimeter. The coupling coefficient of the coils is calculated using (1) and is plotted in Fig. 5 . A photograph of the complete experimental setup is shown in Fig. 6 .
VI. EXPERIMENTAL RESULTS AND DISCUSSION
The validation process was performed as follows. The coils were kept at an initial separation distance of 2.5 cm and were brought closer to each other in steps of 0.25 cm to a distance 0.5 cm. The duty cycle and the control current of the saturable reactors were varied according to Fig. 3 to achieve optimum switching conditions over the entire distance range. Fig. 7 shows several measured parameters over the entire separation range of the coils. In Fig. 7(a) , the measured values of the duty cycle required to achieve optimum switching conditions are compared with the theoretical values shown in Fig. 3 . The discrepancies are due to the finite rise and fall times of the MOSFET and the MOSFET driver. Fig. 7(b) shows the values of the dc control current of the saturable reactors. The values of the dc-feed inductance cannot be measured accurately since several factors could affect the inductance such as the amplitude of the input current, the switching frequency, and input voltage. The temperature of the saturable reactors was below 50
• C over the entire distance range which indicates that the losses in the saturable reactors are not significant. Fig. 7(c)-(g) show the variation of voltages and currents throughout the inverter over the entire distance range. The input power and the transmitted power are plotted in Fig. 7(h) . A peak occurs at a distance of 1.25 cm corresponding to a coupling coefficient value of 0.3. The measured overall system efficiency, i.e., dc-to-load, and the measured efficiency of the inductive link are shown in Fig. 7(h) and (i) , respectively. The overall system efficiency covers the losses of the primary windings of the saturable reactors, the switching losses in the Class E inverter, and the losses in the inductive link. The power loss in the control windings of the saturable reactors was not included in the overall system efficiency. It is noted that the power loss in the control windings can be calculated from Fig. 7(b) , and its peak is 0.911 W at a maximum control current of 1.35 A. The efficiency of the inductive link increases as the coils are brought closer to each other since the reflected impedance of the load becomes more significant than that of the ESR of the coils. The overall efficiency increases as the coils are brought closer and remains relatively constant at 80% for larger coupling coefficient values.
Figs. 8 and 9 show the experimental waveforms of the voltages and currents throughout the Class E inverter and the inductive link respectively. In Figs. 8(a) and 9(a), the inverter is operating at optimum switching conditions achieving ZVS and ZVDS. The separation distance is 1.25 cm corresponding to a coupling coefficient of 0.3, the dc control current is 0.85 A, the duty cycle of the switching signal is 49.5%, and the power delivered to the load is 11.75 W. Theoretical waveforms are also plotted and are in good agreement with the experimental waveforms. In Figs. 8(b) and 9(b), the coils are brought closer to each other to a separation distance of 0.75 cm corresponding to a coupling coefficient of 0.35 while maintaining the same dc control current and duty cycle. Since the coupling coefficient has now changed, the Class E inverter no longer operates at optimum switching conditions since the MOSFET is being switched ON at a nonzero voltage as can be seen in the figures. The nonoptimum switching conditions result in distortion of the voltage and current waveforms. This causes excessive losses in the form of heat and reduces the amount of power that can be delivered over the load which in this case is now 7.70 W. In Figs. 8(c) and 9(c), the inverter is retuned and is now operating at optimum switching conditions by decreasing the duty cycle of the switching signal to 48.0% and increasing the dc control current to 1.35 A. Theoretical waveforms are also plotted and are found to match the new experimental waveforms. The power delivered to load has now increased to 8.92 W. Therefore, the proposed tuning method of controlling the duty cycle of the switching frequency and dcfeed inductance has been successfully demonstrated allowing the Class E inverter to operate safely and efficiently over a certain coil displacement range.
VII. CONCLUSION AND FUTURE WORK
A novel method has been presented to tune Class E inverters that are used as primary coil drivers in WPT systems based on inductive coupling. By varying the inductance of the dcfeed inductor via a dc current source and the duty cycle of the MOSFET's switching signal, the Class E inverter can operate at optimized switching conditions achieving ZVS and ZVDS as the coupled coils of the inductive link are displaced. This tuning method may be applied to certain WPT applications such as inductive charging for electric vehicles and mobile devices where displacements and misalignments of the coils are likely to occur. Mathematical analysis has been performed to derive the voltage and current relationships of the Class E inverter and the inductive link using a piecewise linear state-space representation. The equations derived are used to numerically calculate the required duty cycle and the dc-feed inductance for tuning as the coupling coefficient of the inductive link changes. Extensive experimental results are presented which verify the performed analysis and the successful operation of the proposed tuning method.
Since only manual feedback has been used in tuning the current system, future work should include designing controllers to achieve automatic tuning. Moreover, improving the modelling of the Class E inverter can be further improved by including the saturable reactor instead of a single inductor representation. In addition, investigation into high-frequency, efficient rectifiers such as Class E rectifiers could be performed to produce a dc voltage output in the secondary coil circuitry of the inductive link.
